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Abstract
Products produced with Additive Manufacturing (AM) methods often have anisotropic
microstructure that forms as material layers are added during processing. Unfortunately, current
AM design methods do not accommodate the inherent non-isotropic behavior of these materials
when determining the best structural layout. This paper presents a three dimensional (3D)
topology optimization method that computes the best non-isotropic material distribution and
principal material direction for minimum compliance of a statically loaded non-isotropic AM
structure. The compliance objective function is calculated using the finite element method with
eight node 3D isoparametric elements, and design sensitivities with respect to both density and
material orientation are calculated with the Adjoint Variable method. We employ a linear
weighted sensitivity filter on the density variables to mitigate checker-boarding of the material
distribution. The optimization problem is solved with a nonlinear constraint-based Matlab (The
Mathworks, Inc., Natick, MA) optimization solver. Topology optimization of a 3D cantilever
beam with different print directions is given to demonstrate the applicability of the optimization
scheme.
Introduction
The Fused Filament Fabrication (FFF) deposition process directs thermoplastic polymer
feedstock through a heated nozzle which is then deposited onto a platform as a bead to print a
part, layer-by-layer, based on data from a digital model of the part. The mechanical properties of
the printed parts depends on the deposited material and the orientation of the printed bead [1–3],
where the influence of bead direction is more pronounced when short fiber polymer composites
are employed. Carbon fiber filled polymer deposited in beads with the FFF process has been
shown to have a highly non-isotropic material response. The non-isotropic topology optimization
method presented here is applicable to any AM method that produces oriented microstructure,
however, our primary focus is on designing FFF printed parts using carbon fiber filled (CFF)
polymer feedstocks.
Fused Filament Fabrication
The FFF process can be categorized into two types. The first is for small scale 3D
printing application, which uses a polymer or polymer composite filament as the feedstock.
Small scale FFF has a continually growing market [4] and is popular among hobbyist and
academic research. There are several drawbacks in small scale FFF. The size of the fabricated
parts is limited by build volume which is typically less than one cubic foot. The dominant type of
the material for small scale FFF is thermoplastic, which has weaker mechanical properties than
metals, limiting the use of FFF parts in industry. Various kinds of composite filaments have been
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emerged to improve the filament’s mechanical properties [5–12]. In this case short carbon fibers
(CFs) are suspended within the polymer matrix to form a carbon fiber filament (CFF).
Researchers have shown that CFF polymer filament has improved tensile strength and stiffness
as compared to the unfilled polymer [11–13]. It can further reduce the warpage of the structure
after the print process [14], due to lower coefficient of thermal expansion and higher thermal
conductivity of the CFs as compared to the thermoplastic polymer.
The second category of FFF is large scale 3D printing. It aims to print objects in large
size with polymer nozzle exit diameters approaching 1 2 inch. Advances in large scale 3D
printing have grown considerably in recent years, where the most prominent example is the Big
Area Additive Manufacturing (BAAM) technology. The BAAM system is based on gantry
system with build volumes on the order of feet, and discontinuous CFF polymer pellets that is
used as feedstock for printing. It requires lower energy input and gives higher material output per
unit time than small scale 3D printing [15]. Beside the BAAM system, other institutions have
created large 3D printers and print objects with CFF polymer pellets [16]. The adoption of large
scale 3D printing is pushing the application envelope of FFF to industrial application, and the
demand for lighter and stronger product is expected to drive the polymer composite industry to
be more competitive in the 3D printing market. The application of FFF with CFF polymer
feedstocks offers unique advantage as the fibers align highly within a bead along the printing
direction [12], making it possible to predict the mechanical properties of the parts before it is
even printed.
Topology Optimization and Additive Manufacturing
Topology optimization is a simulation tool for computing the optimum layout of a
structure within a given design domain to minimize a defined objective, given prescribed design
constraints. In structural mechanics, the compliance of the structure commonly serves as the
objective to be minimized as this results in the stiffest design. There are numerous topology
optimization approaches, including Homogenization Method [17,18], Solid Isotropic Material
Method (SIMP) [19–24], Evolutionary Structural Optimization Method (ESO) [25] and
Bidirectional Structural Optimization Method (BESO) [26].
Topology optimization has been used for various AM techniques. Zhang, et al. [27]
employed the homogenization, optimization and construction (HOC) technique to design
variable cellular structures. In their approach, the cellular structure was constructed based on the
optimized density distribution using a method similar to SIMP, and the part was fabricated with
stereolithography. Gaynor, et al. [28] implemented a combinatory and multiphase SIMP
approaches to optimize the shape of compliant mechanisms where the optimized topology may
include more than one type of material. Their optimized result was fabricated using the
multimaterial Polyjet 3D printing technique. Furthermore, Langelaar [29] proposed a numerical
scheme to create a self-support structure for AM purpose.
Simultaneous Topology and Material Orientation Optimization
In this paper, we extend the SIMP method to be applicable to AM structures having nonisotropic materials. The SIMP method assigns an isotropic material model in each discretized
finite element, multiplied by a density value raised to an integer power. The exponent serves as a
penalization to drive the solution field to a discrete (black and white) layout. The SIMP method
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can be modified to accommodate anisotropic materials by including a constitutive material
model [30,31] with predefined preferred orientation; this modification is called Solid Orthotropic
Material Penalization (SOMP), or the Continuous Fiber Angle Optimization (CFAO) when
applied to fiber filled composites in FFF [32,33]. Jia et al. [30] applied the SIMP method with
material orientation variables to design fiber reinforced composites for minimum compliance.
The optimized topology appears with minor checkerboard effect, as filtering [34,35] that is
commonly applied to avoid these unwanted patterns appears to be missing. Setoodeh, et al. [36]
developed a stress based SIMP approach to solve for minimum compliance, combined with
cellular automata. They further extended the method to solve problems with multiple loads,
though the material angle update scheme was based on a random search approach. Nomura, et al.
[37] proposed a general topology optimization approach based on discrete angle sets that
simultaneously optimizes both material distribution and material orientation. In their approach,
orientation variables are represented by Cartesian components, along with relaxation of the
orientation design space. In other work, Hoglund [38] extended the SIMP method to
accommodate material orientation designated as the CFAO. In this approach, design sensitivities
with respect to the density and material orientation were derived, and the density sensitivity was
also filtered using a linear weight-average filter [34,35]. The optimized model was then printed
with desktop 3D printer.
Prior works given above included material distribution and material orientation in two
dimensions, and did not include 3D AM structures. To author’s knowledge, the literature has yet
to address topology and material orientation optimization for the application of FFF printed parts
in 3D. This paper proposes a computational scheme that optimizes material distribution and
material orientation that is applicable to FFF. Our method extends the SIMP method, similar to
the work done by Hoglund [38]. An important assumption to make in 3D design is that since the
FFF printed parts are made through a layer-by-layer process, the rotation of the material
orientation is constrained in the print plane. This assumption is made since fibers align along the
print direction which also reduces the complexity of the design problem. The optimization
scheme developed here provides insight into the optimal topology and the bead pattern of the
printed part, therefore making the FFF process more efficient and competitive in the market.
Methodology
Optimization Formulation
We consider the topology optimization problem to minimize the compliance of a
structure with design constraints which is written as
Minimize: c

Subject to:
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In the above, c is the compliance and , and are the global finite element stiffness matrix,
displacement vector and load vector, respectively. The compliance is calculated by summing all
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the elemental compliances where
and
respectively represent the stiffness matrix and
displacement vector at the elemental level. The material volume v ρ is limited by that of the
design domain V with the prescribed volume fraction f which ranges from 0 to 1. There are in
total N elements in the design domain, and each element is assigned one ρ and one θ . A
penalization parameter p is included which tends to drive the each density variable ρ to its
lower or upper limit. The material orientation variable θ has a lower and upper limits of 2π
and 2π, respectively. Again, material orientation is assumed to only vary within the print plane,
requiring only one orientation variable for each element. The finite element method is used to
evaluate compliance such that static equilibrium is enforced.
Isoparametric Hexagonal Element
The CFAO approach defined in Equations (1) and (2) extends the SIMP method through
the addition of the element material orientation design variables θ . Therefore, the element
stiffness matrix
that is constant for a uniform mesh in the SIMP method varies over the
design domain in CFAO. In our implementation, the elemental stiffness matrix is evaluated using
the eight-node isoparametric hexahedral element [39] appearing in Figure 1.

Figure 1. Isoparametric hexahedral element with node number
The stiffness matrix is calculated over each element domain Ω using Gauss Quadrature in the
usual manner as
θ

θ

dΩ

WWW
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θ
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(3)

where n is the number of Gauss point in each coordinate direction. The matrix is the straindisplacement matrix and J is the Jacobian matrix, both derived from the shape functions that
define the isoparametric mapping in the element. The rotated constitutive matrix
θ in
Equation (3) depends on the non-isotropic material orientation angle θ , which is computed from
the non-rotated constitutive matrix [40] as
θ

θ

θ

(4)

In our simulations, the plane formed by axes ξ and η in Figure 1 is defined as the print
plane, such that the orientation variable θ rotates about the ζ axis for all elements. Given this
constraint on orientation, the inverse of the transformation matrix θ becomes
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In the FFF process, suspended carbon fibers become highly aligned with the polymer bead along
the print direction, making it feasible to model the material as a transversely isotropic
constitutive material described by the matrix is written as [41]
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where material constants are defined in the usual manner and we assume the xyz-axes align with
the ξηζ-axes.
Material constants for our simulation appearing in Equation (6) are taken from Heller, et
al. [42]. They investigated die-swell in the extruded polymer and its effect on fiber orientation.
Furthermore, based on the fiber orientation state, they calculate elastic properties of the extruded
polymer composite. The elastic properties of the polymer composites obtained within the
extrudate swell region in Heller, et al. (cf. Table 1) are used to define the matrix C in our
240GPa, v
0.2, E
analyses. The calculation is based on 15% fiber volume, with E
2GPa and v
0.4. The aspect ratio of the fiber is 15.
E

E

7.34

3.43

G

v

v

1.39

0.42

0.47

Table 1. Five elastic constants derived from Heller et, al [42], units in Pa
From Table 1, the greater magnitude of E than E creates a material that lacks isotropy where
the E is the stiffness along the fiber axis, and E is the transverse stiffness of the fiber.
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Design Sensitivities
Design sensitivity of the objective function in Equation (1) is derived using the Adjoint
Variable Method due to the large numbers of design variables present in the topology
optimization problem, i.e., each element has two design variables. For the elemental density
design variables, the design sensitivity of compliance is
∂c
∂ρ

p ρ

(7)

Furthermore, the design sensitivity of compliance with respect to an orientation variable is
∂c
∂θ
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The integrals in the sensitivity expressions in Equations (7) and (8) are calculated with
the finite element method using the same Gauss Quadrature as that used in the underling finite
element formulation. During the optimization process, a checkerboard pattern is likely to occur,
resulting in undesirable structure pattern. To mitigate such effect, a linear sensitivity filter with
respect to the density variable [34,35] is employed where the filtered sensitivity becomes
∑

∂c
∂ρ

H ρ
ρ ∑

∂c
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(9)

H

with
H

r

dist i, j

(10)

In the above, H is a weight factor and is a linear function of the distance between the center of
element i to the center of neighboring element j.
Optimization Process
Figure 2 shows the flow of the optimization iteration process employed in this work for
CFAO of FFF composites. First, the design domain and boundary conditions are defined, and the
domain is discretized into hexahedral elements. Second, the FEA model is solved to calculate the
global displacement vector; 2-point Gauss Quadrature is used for all element integrations. Third,
the compliance objective function and design sensitivities are evaluated element-by-element.
Fourth, the design sensitivities with respect to the density variables are filtered using a linear
weight average function. Fifth, the objective function and design sensitivities are provided to the
Matlab (The Mathworks, Inc, Natick, MA) optimization function fmincon [43]. The default
solver interior-point algorithm is chosen as the optimization scheme which solves the
constrained nonlinear problem by introducing extra barrier functions into the objective function.
The optimization convergence criteria is based on relative changes in design variables and
objective values between two iterations, halting computations when these values are below 0.1%.
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In our simulations, the penalty parameter p is chosen to be 3 as is common in topology
optimizations, the filter radius r
involved in Equation (10) is set to be 1.5, the volume fraction
limit f = 0.4, and the density variables are allowed to range from 10 to 1.

Figure 2. Flow chart demonstrating the process of topology optimization
Once convergence of the optimization is achieved, the elements that have density value
greater than 0.5 are plotted to illustrate the optimized topology; the darker the element, the more
material is assigned to the element, and vice versa. The corresponding fibers (red segments) are
also plotted inside each 3D finite element to show the direction of preferred material orientation.
Also, in viewing the angle that is orthogonal to the print plane, the layer-by-layer plots are shown
to illustrate the details of the material distribution and material orientation in each layer. Lastly,
the computational time, the number of iterations and the computed compliance are recorded. It is
important to note that all the code for optimization were developed in-house, except the fmincon
optimization algorithm.
Numerical Examples
A cantilever beam with a unit point load on center of the right bottom edge is considered
for the optimization as shown in Figure 3. To investigate how the print direction affects the
optimized topology and minimized compliance, the optimization is performed in each of the
three coordinate directions. Considering Figure 3, the x-y plane defines the print plane, and the
simulated model is assumed to be printed as follows:




Case 1: Printed from the back face to the front face with 20x10x6 elements
Case 2: Printed from the bottom face to the top face with 20x6x10 elements
Case 3: Printed from the left face to the right face with 10x6x20 elements
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The topology design optimization problem included a total of 2400 design variable in each of
these print cases, 1200 ρ and 1200 θ . In all cases, elements are formed as cubes having sides of
1 unit in length.

Figure 3. Cantilever beam with tip point load
Computational results
Figure 4 shows the optimized topologies in isometric views for Case 1, Case 2 and Case
3. Overall, the optimized topologies for all three cases converged to a similar I-beam type
structure, where the beam is wide at the top and bottom layers. Regardless of which direction the
structure is printed, there is dense material distributed to two wide flanges, which increases the
stiffness in support of the bending load.
Case 3
Case 1

Case 2

Figure 4. Optimized topologies for three cases (isometric views). Arrows indicate print direction.
Figure 5, Figure 6 and Figure 7 reveal the layer-by-layer plots of the optimized material
distribution and material orientation for the three cases, when the viewer is looking at the
direction orthogonal to the print plane. Figure 5 shows the layer-by-layer material distribution
and material orientation for Case 1. Note that since the load is applied at the center of the right
bottom edge (cf. Figure 3), we would expect the optimized structure to exhibit geometric
symmetry in terms of both the material distribution and material orientation. By comparing the
layout of layer 1 to lay 6, layer 2 to layer 5 and layer 3 to layer 4, the pairs look visually
identical, which confirms our hypothesis. In terms of the material orientation, the fibers follow
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the outer contour of the structure for each layer where there is dense material distributed, which
is very similar to results given by Hoglund and Smith [44] and Nomura, et al. [45].

Figure 5. Layer-by-layer plots of material distribution and material orientation for Case 1 (front
view). ). Layer 1, which corresponds to the layer at the back layer, progresses to layer 6, which
corresponds to layer of the front layer.
Figure 6 shows layer-by-layer plots for the material distribution and material orientation
for Case 2. Most of the fibers point toward the point of load application, which accommodates
the increased material stiffness in the fiber direction. Furthermore, the symmetry of material
distribution and material orientation exists in each layer by comparing the first three layers
counting form the top to the three layers counting from the bottom.
Figure 7 shows the material distribution and material orientation at each layer for Case 3.
The scenario here is very much like the same as that described for Case 2. Visually speaking,
there is material distribution and material orientation symmetry in each layer by comparing the
first three layers counting form the top to the three layers counting from the bottom.
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Figure 6. Layer-by-layer plots of material distribution and material orientation for Case 2 (top
view). Layer 1, which corresponds to the bottom layer of the optimized structure, moves up
toward layer 10, which corresponds to the top layer of the optimized structure.
Table 2 compares the computation CPU time, the number of iterations and the
compliance for the three cases. Case 1 took about 48.8% and 70.8% of more CPU time than Case
2 and Case 3 to achieve convergence, as well as 24 and 31 more iterations, respectively.
However, Case 1 yields about 23% and 63% lower compliance than Case 2 and Case 3,
respectively. Since the orientation rotates in plane with the force in Case 1, the structure’s
compliance is very sensitive to the material orientation and can therefore be more easily affected
by the state of material orientation. However, for Case 2 and Case 3, the plane of rotation does
not align with the force direction; therefore the material orientation optimization yields less
improvement in terms of the compliance. From this study, one important lesson we can draw is
that how effective the FFF print technique is to produce a safe structure depends greatly on
whether the designers can correctly anticipating the loading direction.
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Figure 7. Layer-by-layer plots of material distribution and material orientation for Case 2 (right
view). Layer 1 starting from the bottom to layer 20 to the top layer of the optimized structure
CPU time (sec)
Iterations
Compliance (N*m)
Case 1
246.3
78
3.48
Case 2
165.5
54
4.28
Case 3
144.2
47
5.66
Table 2. Topology result comparisons among three cases, for computational time, number of
iterations and compliance
Conclusions
In conclusion, we have extended the SIMP with CFAO and implemented it using the
Matlab fmincon optimization function to solve 3D topology optimization problems for FFF. The
optimization objective is the compliance of structure that is minimized in the computations. The
objective and constraints, and design sensitivities are calculated using Finite Element Analysis
with linear eight node isoparametric element. Design sensitivity expressions are derived using
the Adjoint Variable method which reduces to an element level evaluation. Furthermore, a linear
weighted sensitivity filter is employed to mitigate checkerboarding of the material distribution.
A 3D cantilever beam was optimized where we considered 3 different print directions. For the
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problem we studied in printing at multiple planes, the designs where material rotation plane
aligns with the force direction gives the lowest compliance. Furthermore, printing the structure at
different plane direction does affect the compliance result, which is important for designers to
consider when designing 3D printed parts with non-isotropic material microstructures.
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